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ABSTRACT 

The effects of ionizing radiation on selected liquid propellants have 
been investigated and preliminary development of a comprehensive computer pro- 
gram for shield optimization has been completed. Gamma-ray attenuation param- 
eters for six candidate propellant materials have been calculated. These data 
are formulated into linear attenuation coefficients and buildup factors which 
are tabulated. A logic flow diagram for generalized weight optimization to 
select shield configurations for various propellant materials was generated 
and a simplified computer program which minimizes the weight of a primary 
direct laminated shield was developed. Radiation effects on three fuels and 
three oxidizers were investigated in several container materials and over a 
range of dose rates. Propellant materials investigated include: FLOX, oxygen 
dif luoride, nitrogen tetroxide (inhibited and uninhibited) , diborane, hydra- 
zine, and the LPG fuel, propane. In general, it was found that oxidizers are 
much less susceptible to radiation induced decomposition than fuels and 
differences due to dose rate are generally not large. 



RADIATION EFFECTS ON LIQUID PROPELLANTS 

INTRODUCTION 

It is advantageous to use high specific impulse liquid propellants 
on long-term space probes using isotope or nuclear power sources for auxiliary 
power because of the rigid weight and volume requirements on such missions. 
However, more definitive knowledge of environmental effects on the long-term 
storability of these propellants is desirable so that design engineers may 
have reasonable assurance that the stored propellant system chosen for a 
particular mission will fulfill its function successfully. A preliminary 
study under Contract NAS7-577 was carried out to ascertain the state of the 
art regarding radiation effects data on liquid propellants and to analyze the 
suitability of using various propellant systems on space probes with different 
auxiliary power sources. 

The present program was established with the objective of developing 
more detailed information on radiation effects and shielding requirements for 
a few selected liquid propellants. Three tasks were established in this pro- 
gram. Task 1 was to obtain radiation effects data on three fuels and three 
oxidizers irradiated as liquids. Task 2 was to begin development of a com- 
puter program to ascertain what special design criteria or shielding tech- 
niques must be employed to protect components of the propulsion system from 
radiation, if necessary. Task 3 was a Phase 1 storage test in a low dose 
rate radiation field extending over a period of months. Results on all three 
tasks are detailed in the following sections. Task 2, Radiation Shielding 
Optimization, is discussed in the first section of the report. Tasks 1 and 3 
are then discussed in the following sections. Results from both Tasks 1 and 3 
are reported together for a given material so that results may be more easily 
compared and evaluated. Wherever possible, data have been presented in 
engineering units to facilitate their use among the widest possible audience. 
Where units specific to radiation effects studies, such as G-values, have been 
used, an explanation of the term and its use has been given. 

RADIATION SHIELDING OPTIMIZATION 

Task 2 

In a study previously conducted by ~attelle's Columbus Laboratories 
for the National Aeronautics and Space Administration (NAS7-577), the probable 
types, spectra, and intensities of radiation from nuclear power sources which 
may possibly be used in deep space missions were determined. The approach 
followed in the study was a conservative one, i.e., that of determining radia- 
tion intensities on the basis of an extrapolated point source without consid- 
eration of the self-shielding inherent in a nuclear power source of finite 
geometry. The results of the study indicated that radiation dama e to liquid 
propellants from certain types of isotopic heat sources, viz., 23aPu02 and 



244~m203, which are primarily alpha emitters, would most likely* be insignifi- 
cant even in unshielded cases for source power levels up to 200 kw (thermal) 
and corresponding mission lifetimes extending to 5 years. Conversely, the same 
study revealed that in the case of other power sources investigated, e.g., 
'OS~T~O~, 60~o (metal) and low-powered nuclear reactor sources such as the 
SNAP-1OA reactor, radiation damage to liquid propellants could be a signifi- 
cant problem and, therefore, should be further investigated from the standpoint 
of reducing the radiation environment. It must be remembered, however, that 
the significance of a given radiation effect is largely determined by the pro- 
posed application of the material under investigation. Thus, as described in 
later sections of this report, the changes in chemical composition resulting 
from irradiation of the propellant materials investigated were in general very 
small and probably not significant from the standpoint of their chemical prop- 
erties. However, in most cases such small chemical changes were accompanied 
by the accumulation of noncondensible gaseous products of the liquid propellant 
samples. The continual buildup of pressure over the liquid propellant could 
present severe engineering problems, particularly on long missions, even 
though the total liquid decomposed or chemically altered was small. 

Attenuation of the radiation intensity in the vicinity of the pro- 
pellant can be accomplished by (1) the use of a radiation shield and/or 
(2) an increased separation distance between the nuclear power source and the 
liquid propellant. However, overall system requirements (i.e., weight and 
configuration restrictions, etc.) may limit the extent to which either of the 
foregoing techniques may be utilized; therefore, a method of systems analysis 
is required which will consider the nuclear power source, shield, and pro- 
pellant subsystems within the system restraints while insuring that radiation 
damage to the propellant does not reach some critical level. 

The ultimate selection of optimum liquid propellants for deep space 
missions may well be predicted on the shielding properties of these materials. 
Consider, for example, the case where a particular propellant is initially 
chosen on the basis that it requires only a minimum shield in the close prox- 
imity of the nuclear power source while receiving an integrated dose below its 
radiation damage threshold. Further analysis, however, of the overall system 
restraints may well indicate the necessity to increase the initially determined 
shield thickness and/or the source-to-propellant separation distance. A re- 
straint of the latter type would be the allowable integrated dose for the 
transistors in the instrument package (subsystem) which might possibly be 
exceeded for the shield and geometric configuration determined above. Therefore, 
an increase in either of the two parameters, viz., shield thickness and source- 
to-propellant separation distance, in an effort to preclude the possibility of 
exceeding the dose limitation for transistors will correspondingly reduce the 
integrated dose encountered by the propellant, and may possibly permit the 
selection of a liquid propellant which had previously been eliminated on the 
basis of radiation damage. 

* Due to a lack of experimental data for the neutron irradiation of liquid pro- 
pellants, there is some uncertainty concerning the radiation effects resulting 
from (n, a )  reactions. 



On the basis of the foregoing considerations, an optimum computer 
program should contain a library7k of neutron and gamma radiation attenuation 
data whereby it would account for the effects of auxiliary (propellant) 
shielding in the overall system optimization from the standpoint of shield 
weight. 

The results of the initial study to provide the basis for a compre- 
hensive shielding optimization computer program are detailed in the following 
sect ions. 

Subtask A. Compilation and/or Calculation 
of Propellant Attenuation Data 

Compilation of Photon and Neutron Cross-Section Data 

Ten energy group photon cross-section data were obtained for pro- 
pellant constituents, viz., H, N, 0, F, and C, from published sources and pre- 
pared in a format compatible with an in-house transport code, ANISN(~)*", for 
subsequent use in propellant attenuation calculations. These data covered a 
photon energy range of 0.01 to 4 Mev and consisted of photoelectric, pair 
production, and Compton scattering cross sections; the latter were represented 
by the zeroth through third moments of the total transfer matrix for use in 
anisotropic scattering calculations. 

Calculation of Propellant Gamma Attenuation Data 

A check-case calculation was made with the ANISN code to simulate a 
benchmark experiment for gamma-ray transport through water. Water was selec- 
ted as a shield material for the first calculation because (I) experimental 
data are readily available for this material and (2) its elemental composition 
is similar to that of the liquid propellants under consideration. The input 
ata utilized for the calculation included an S8 angular quadrature, P3 order 
of scattering, and spatial mesh size of 2 cm; output data were found to be 
within 10 percent of the experimental values reported for linear attenuation 
coefficient (p,) and buildup factors. 

On the basis of the good correlation obtained between calculated and 
experimental results for water, additional ANISN calculations were made to 
determine the attenuation of gamma rays from a point source in hydrazine (N2H4), 
FLOX, OF*, LPG (CH4), N2O4, and diborane (B2H6). Linear attenuation coeffi- 
cients and dose buildup factors for gamma-ray penetrations up to 160 cm in these 
fuels were compiled for up to seven photon energy groups (Table 1). 

9; Or else a subroutine whereby such data could be calculated. 

-I. J- 
n o  References appear on page 21. 



TABLE 1. PHOTON ENERGY GROUP STRUCTURE 

-- 
Group No. Ene rgy  Range ,  Mev 

TABLE 2. N2O4 BUILDUP FACTOR AND LINEAR 
ATTENUATION COEFFICIENT DATA 

P e n e t r a t i o n  Depth  ( c m ) / ~ u i l d u p  F a c t o r  
C1 Group No. 20 4 0  80 1 6 0  



The dose buildup factors computed for four penetration depths (20, 
40, 80, and 160 cm) and linear attenuation coefficients computed by ANISN 
are listed by group in Tables 2 through 7. 

Program Logic Diagram 

Basic Logic Diagram 

Under this task, the program logic for the radiation shielding 
optimization code was constructed. The sequential flow of the basic program 
is shown in Figure 1. Segments of the program include (1) input of problem 
data, (2) preliminary data editing and manipulation, (3) selection of cal- 
culational sequences for weight optimization (i.e., monitor control), 
(4) coarse (Level 1) optimization of shield, (5) fine (Level 2) optimization 
of shield, and (6) an output edit. Each of these program segments is described 
below. 

Data Input. Data planned for input to the computer program include 
source type and configuration, source-to-propellant-to-instrument package 
geometry, shield type (split, laminated, and scatter) and configuration, 
materials together with initial locations, propellant and instrument package 
radiation dose limitations, and program options for the calculational methods, 
shield positions, and level of optimization data edit. 

Data Edit. The data edit segment of the code will set up and store, 
in the proper format geometry, data for the various dose calculation routines, 
determine the radiation source strength and spectrum as well as arrange other 

Control Monitor. Under control monitorship, iterations and flow con- 
trols will be set up for specific vehicle configurations. This segment of the 
program includes optimum sequencing of the various routines used in the selec- 
tion of a minimum-weight shield. 

. The Level 1 or coarse optimization routine 
selects the weight-optimized shield configuration and position(s) through the 
use of transmission matrix tables for shield calculations. This method re- 
quires a minimum of machine (computer) time per calculation; however, the 
accuracy of the results is limited. Primary use of the Level 1 weight optimi- 
zation is to provide a starting point for the Level 2 optimization. In 
addition, the Level 1 optimization calculations can be used for parametric 
studies of space systems where a high level of accuracy is not required. 



TABLE 3 .  FLOX BUILDUP FACTOR AND LINEAR 
ATmNUATION COEFFICIENT DATA 

- 
P e n e t r a t i o n  Dep th  (cm)/Fiui ldup -- F a c t o r  

C1 Group No. 2 0 4 0  8 0 1 6 0  

TABLE 4. OF2 BUILDUP FACTOR AND LINEAR 
ATTENUATION COEFFICIENT DATA 

P e n e t r a t i o n  Depth  (crn)/Fiuildup F a c t o r  
IL Group No. 2 0 40 8 0 1 6 0  



TABLE 5.  N2H4 BUILDUP FACTOR AND LINEAR 
ATTENUATION COEFFICIENT DATA 

P e n e t r a t i o n  Depth  ( c m ) / ~ u i l d u p  F a c t o r  

IJJ Group No. 20 40 8 0 1 6 0  

TABLE 6. CQ BUIZDUP FACTOR AND LINEAR 
ATTENUATION COEFFICIENT DATA 

-- - 
P e n e t r a t i o n  Depth  ( c m ) / ~ u i l d u p  F a c t o r  

W Group No. 20 4 0 8 0 160  



TABLE 7 .  B2f16 BUILDUP FACTOR AND LINEAR 
ATTENUATION COEFFICIENT DATA 

P e n e t r a t i o n  Depth ( c m ) / ~ u i l d u p  F a c t o r  
fi Group No. 20 4 0 8 0 160- 



4 d 

C o n t r o l  FIoni t o r  

Leve l  1 O p t i m i z a t i o n  

Leve l  2 Opt  i n ~ i z a  t i o n  

-- 

FIGURE 1. B A S I C  PROGRAM LOGIC DIAGRAM 



. The Level 2 optimization routine starts with 
the Level 1 optimization results and performs a highly accurate weight optimi- 
zation based on shielding calculations incorporating transport theory. These 
calculations will evaluate in detail the effects of flux perturbations at 
shield interfaces, the secondary radiation produced in the shield, propellant 
and structural members, and the anistropic flux distributions in these mem- 
bers. Both one- and two-dimensional transport-theory calculations will be 
required to obtain the highly accurate weight-optimized systems. 

Output Edit. In the output edit segment of the code, the calcula- 
tional data generated during the optimization are edited. All data required 
for the weight optimization are printed. 

Semidetailed Logic Diagram 

The semidetailed logic for the Level 1 and Level 2 optimization seg- 
ments of the basic computer program (see previous section) is illustrated in 
Figures 2, 3, and 4." The diagram in Figure 2 includes a portion of the logic 
centered with shield structure (laminations) and position as well as weight 
optimization of the shield. Figure 3 illustrates the optimization logic for 
split-shield systems. Figure 4 illustrates the optimization logic for systems 
recurring scatter-shield analyses. Details of the optimization routine have 
been omitted in order to illustrate the basic logic of these segments of the 
program. 

Analytical Model on Which Program Logic is Based 

The analytical model illustrated in Figure 5 with spherical oxidizer 
and fuel tanks in tandem has served as the generalized framework for the com- 
puter program logic under construction. It is assumed that the component 
(oxidizer or fuel) having the higher resistance to radiation damage will be 
located between the remaining component and the radiation source. 

Subtask D. Preliminary Propramming of Selected 
Operations of Computer Model 

The optimization of the "primary direct laminated shield" was chosen 
as the selected operation of the computer model to be programed in this con- 
tract performance period (see enclosed portion of logic diagram in Figure 6). 
The program is written for use in both the Level 1 and Level 2 optimization 
segments of the generalized computer program (see Figure 1) which is to be 
developed in the future. The difference between Level 1 and Level 2 uses of 
this routine will be in the transmission matrix data utilized. In the Level 1 
optimization segment, the routine will use generalized data in the form of 
point value transmission matrices to determine the transmitted particle or 

9; Definitions of commonly used terms in these figures are given in Appendix A. 
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photon flux for each material traversed by the source radiation whereas, in the 
Level 2 optimization segment, the routine will rely on transmission matrices 
computed by another subroutine incorporated in the generalized optimization. 

The routine as written will determine the optimum shield configura- 
tion for the system shown in Figure 7 which represents a portion of the 
analytical model shown in Figure 5. 

Computer Program for the Optimization 
of "Primary Direct Laminated Shieldt' 

A listing of the computer program which utilizes the transmission 
matrix technique is presented in Appendix C of this report. A sample problem 
input and output for this program is also listed. 

SUMMARY OF TASK 2 

Gamma-ray attenuation parameters for six candidate propellant con- 
stituents have been calculated. These data were then formulated into linear 
attenuation coefficients and buildup factors which have been presented in 
tabular form. A logic flow diagram for a generalized weight optimization com- 
puter program to select shielding configurations for propellant materials was 
generated. A simplified computer program which minimizes the weight of a 
primary direct laminated shield was developed. The program uses a transmis- 
sion matrix solution technique, which reduces computation time, to calculate 
the radiation fluxes through the shield. Future work in this technical area 
should include (1) initiation of the programming of the generalized computer 
program to optimize the weight of space-shield propellant systems and .(2) form- 
ulation of transmission matrices for use with the optimization technique. 

Tasks 1 and 3 

Experiments to obtain radiation effects data on Tasks 1 and 3 are 
described in this section of the report. Task 1 is radiation effects on 
several selected fuels and oxidizers as liquids while Task 3 is a Phase 1 
storage test in a low dose rate radiation field. The liquid fuels examined 
in both tasks are hydrazine, diborane, and an LPG fuel, propane, and the 
liquid oxidizers are FLOX, oxygen difluoride, and nitrogen tetroxide, both 
inhibited and uninhibited forms. The results obtained from the two tasks 
are reported and discussed together in each fuel material category so that 
all information on a given material is together in a single section of the 
report. 



Throughout this section of the report results are generally given in 
terms of G-values for gas formation resulting from irradiation. Radiation 
doses are given in rads. G-values are defined as the number of molecules of 
product formed per 100 ev of energy absorbed by the material in question. The 
unit of energy absorption, the rad, is defined as 100 ergs absorbed per gram 
of sample. The data are thus presented in a very general way so that the re- 
sults can be easily applied to estimating radiation effects in other units 
such as pound-moles of product formed or gas pressure increase over a given 
amount of material for any volume and temperature. It is hoped that in this 
way the data obtained will be most useful to the largest number of people. 

Experimental Procedures 

Materials Handling 

Two simple gas tight propellant handling systems were built and 
tested for the purpose of filling containers for irradiation experiments. 
One system was used for fuels and the other for oxidizers. Figures 8 and 9 
are schematics of the propellant handling systems. Because of the corrosive 
nature of FLOX, OF2, the other oxidizers studied on this program, all the 
fittings, gages, tubing, etc., of the oxidizer handling system are constructed 
of stainless steel, Monel, or nickel. The fuel system is of brass and stain- 
less steel construction. Special care was taken in the cleaning and assembly 
of the components of the two systems to ensure removal of all contaminants, 
such as grease, moisture, oxide scale, etc., that might react violently on 
contact with oxidizers or fuels. The oxidizer system was passivated with 
fluorine gas which had been passed through an HF absorption tower before in- 
troducing FLOX or OF2. 

Each handling system contains a gas-measuring reservoir and pressure 
gage assembly of known volume so that a known amount of a propellant can be 
condensed into a precooled sample vessel for subsequent radiation effects ex- 
periments. The amount of propellant condensed may be controlled by succes- 
sively filling the reservoir and transferring its contents to the sample vessel. 
After a desired percent fill is obtained, the sample vessel valve is closed and 
the liquid sample and coolant container is loaded into the container in which 
the radiation experiments will be conducted. The handling systems also include 
facilities for transferring and loading liquid propellants, such as N2O4 
studied in Task 1 and Task 3 of this program. 

Hydrazine (N2H4) is the only propellant not handled in these systems. 
Anhydrous hydrazine is transferred directly into the sample vessels using a 
calibrated syringe to measure the volume transferred. The transfer is done in 
a simple glovebox arrangement under a blanket of dry argon in order to prevent 
the hydrazine from picking up moisture. 







An a d d i t i o n a l  gas handl ing system was b u i l t  and leak-checked and then 
used t o  o b t a i n  PVT d a t a  on any gas bui ldup i n  t h e  i r r a d i a t e d  samples and t o  ob- 
t a i n  samples f o r  mass spec t rometr ic  a n a l y s i s  of r a d i o l y t i c  products .  

The f u e l  ma te r i a l s  used i n  t h i s  s tudy were analyzed by mass spec-  
trometry p r i o r  t o  t h e i r  use i n  r a d i a t i o n  experiments.  

FLOX. The fluorine-oxygen mixture was obtained from Al l i ed  Chemical 
P 

and c e r t i f i e d  t o  be 70 f. 2 percent  by weight f l u o r i n e .  Our a n a l y s i s  by mass 
showed i t  t o  be q u i t e  pure,  There was n i t rogen  p re sen t  which could w e l l  have 
entered when we f i l l e d  t h e  sample v e s s e l .  A t r a c e  of hydrogen was observed. 
Some of the  mass 28 peak could be due t o  CO s i n c e  a peak was observed a t  
mass 12. 

Oxygen Dif luor ide .  This m a t e r i a l  was obtained from A l l i e d  Chemical. 
Several  analyses  have been made and the  p u r i t y  i s  about 99 percent .  There i s  
a small  amount of CO and H F  p resent  bu t  t h e i r  t o t a l  quan t i t y  does no t  exceed 
1 percent .  Nothing e l s e  was found i n  t hese  samples. 

Nitrogen Tetroxide. The l i q u i d  N2O4 was obtained from A i r  Products  
and Chemicals, Inc . ,  and was found t o  be a t  l e a s t  99 percent  pure.  There was 
evidence of a small  amount of NO and perhaps a t r a c e  of water .  Nothing e l s e  
was found and t o t a l  impuri ty  content  was l e s s  than 1 percent .  

Diborane. The manufacturer,  Ca l l e ry  Chemicals, c laims t h e  m a t e r i a l ' s  
p u r i t y  t o  be i n  excess  of 98 percent  and our  a n a l y s i s  confirmed t h i s .  There i s  
considerable  n i t rogen  present  which i s  t o  be expected, s ince  n i t rogen  i s  gen- 
e r a l l y  used t o  p re s su r i ze  t h e  tanks.  A small  amount of hydrogen was a l s o  
found and evidence of t r a c e  q u a n t i t i e s  of h igher  molecular weight boranes.  

found t o  have p u r i t y  >99 percent .  S i g n i f i c a n t  amounts of argon were found a s  
a r e s u l t  of our procedure of f i l l i n g  the  sample v e s s e l s  under a d ry  argon 
blanket .  Water was present  a s  a t r a c e  c o n s t i t u e n t  a s  was ammonia. There was 
a small  amount of mass 28 which could be e i t h e r  N2 o r  CO. 

Propane. This ma te r i a l  was obtained from A i r  Products and found t o  
be i n  excess of 99 percent  pure. Only t race.  amounts of methane and e thane  
were found by mass ana lys i s .  



The sample vessels for containing the condensed propellants for 
Task 1 and Task 3 radiation experiments are all of the same simple basic de- 
sign shown in Figure 10 but several materials were used. Some were con- 
structed using a Hoke 2HS10-305SS sample cylinder, a 7-inch-long 1/4-inch 
304SS high pressure tube extension, and a Hoke 1212G4Y valve for closure. 
Other vessels of the same type were made of Ti-6A1-4V alloy for use with 
hydrazine and N2O4 in particular. Further, some experiments were conducted 
with hydrazine and propane in 1100 F aluminum vessels of the same design 
and dimensions as shown in the figure. 

Containers of 6063-T6 aluminum pipe construction in which the sample 
vessels were placed for carrying out radiation experiments at subambient and 
ambient temperatures in the Battelle gamma Co-60 radiation facility (swimming 
pool type) were built as shown schematically in Figure 11. A simple automatic 
liquid-nitrogen fill control system was constructed for Task 1 and Task 3 
radiation experiments conducted at liquid nitrogen temperature and extending 
over considerable periods of time. In these cases a Dewar was placed in the 
containers to hold the irradiation vessels in a liquid nitrogen bath. The 
containers were connected to the liquid nitrogen supply through rubber tubing . 
insulated by two 1/2-inch-thick lengths of Armflex insulating hose. This 
provided needed flexibility for inserting and removing the containers with 
sample vessels from the radiation source. Two thermistors were placed in 
the containers to sense liquid nitrogen levels. The lower thermistor would 
automatically start the fill cycle if the nitrogen fell below a predetermined 
level. The upper thermistor stopped nitrogen flow when the Dewar was filled. 
Flow was controlled by Asco solenoid valves. A timer was built into the cir- 
cuit to periodically add nitrogen to the Dewar even though the level had not 
fallen below that of the lower thermistor. 

Cobalt-60 Sources and Dosimetry 

Five Co-60 radiation sources were assembled and dosimetry measurements 
on each. The standard ferroustsulfate dosimeter was used. The dosi 

etry measurements were carried out in a physical setup identical to that which 
was used in the Task 1 and Task 3 radiation experiments. The dosimeter was 
placed within a steel vessel of the same shape and wall thickness as the sample 
containers and this was placed in the aluminum container for irradiation. 
Thus, the dose rate seen by the dosimeter is the same as that which was seen 
by the sample. The dose rates (rads/hour measured for the five Co-60 assem- 4 blies were 6.0 x lo5, 8.0 x lo4, 5.8 x 10 , 5.0 x lo3, and 5.7 x lo3. The 
latter three sources were used for the long-term Task 3 experiments. Correc- 
tions were made for source decay as the program progressed. 

Cobalt-60 gamma radiation was used throughout the experiments since 
the radiation induced decomposition is, in general, independent of the nature 
of radiation and a function only of the amount of energy deposited in the fuel 
materials. Also, in an on-board situation, the major radiation to which a 
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fuel could be exposed may well be bremsstrahlung from the RTG. This is elec- 
tromagnetic radiation of the same nature as gamma rays. Thus, the results 
generated here should be generally applicable regardless of the nature of 
RTG in an actual flight situation. 

EXPERIMENTAL RESULTS 

Diborane (B2Hg) 

A series of experiments were performed with diborane in stainless 
steel vessels. All irradiations were at -78.5 C and a dose rate of 5.87 x 
lo5 rad/hr. In most cases the sample contained 1.31 gm of B2H6 liquid, or 
about 3 ml, which is about a 20 percent fill of the vessel. The vessels 
were filled using the system previously described. 

The results of these experiments are given in Figure 12, where the 
moles of gas produced as a function of radiation dose is shown. The G-value 
for gas formation is G(H2) = 6.2 molecules/100 ev. This is equivalent to a 
gas buildup of about 0.14 ml/megarad. Assuming about one-half mole of gas 
is formed for each mole of diborane decomposed, the apparent rate of decom- 
position is about 0.04 percent per megarad. 

These results are consistent with those of Cornelius, et al., (2) 

who found hydrogen to be the only gaseous product formed. The overall rate 
of decomposition may be somewhat higher in our experiments, but this is dif- 
ficult to ascertain accurately and probably not significant. The removal of 
a hydrogen atom from diborane would form an active species which would not 
be expected to remain long in the liquid without reaction. The products 
would be higher molecular weight borane compounds which will remain condensed 
under the conditions of these experiments. All such compounds might not be 
completely soluble but their rate of formation is probably not higher than 

To further check this point, additional experiments with liquid di- 
borane were conducted in which mass spectrometric analysis was performed on 
both irradiated and unirradiated samples. As previously noted, the starting 
material is quite pure. In the vapor over the unirradiated liquid, B2Hg 
and a very small amount of H2 were the only species observed. There were 
traces of B and BH which probably arise from electron impact in the ionization 
chamber of the spectrometer. The sample was then completely vaporized and an 
aliquot taken. Again, no species other than B2H6 and a small amount of H2 
were observed. The same procedure was followed with an irradiated sample. 
The noncondensible gaseous product observed was Hz. The irradiated sample 
was then completely vaporized and an aliquot analyzed. This showed B4 com- 
pounds to be present which normally remain in the liquid when P-V-T measure- 
ments are made. These are the products expected from the dimerization of 
B2H6 fragments resulting from irradiation if, as expected, one of the major 
initial effects is removal of a hydrogen atom from diborane. That is: 





B2H5 f B2H5 -+ B4 compounds a s  products ,  and B2H6 

Other higher  weight boron compounds would be expected t o  be  formed i n  l e s s e r  
amounts and t h i s  i s  a l s o  observed. The a n a l y s i s  showed a small  amount of B5 
compound and a t r a c e  of B3.  

To simulate  s to rage  under low dose r a t e  condi t ions  an experiment was 
c a r r i e d  out  involving i r r a d i a t i o n  f o r  a per iod of about 6 months (4376 hours)  
a t  t he  same temperature and i n  the  same type of conta iner  a s  used i n  the  higher  
dose r a t e  experiments. In  these  long-term experiments t he  average dose r a t e  

3 was approximately 4.8 x 10 r ad /h r  and the  t o t a l  exposure reached 22.2 megarad. 
The r e s u l t s  of t h i s  experiment a r e  a l s o  shown on Figure 12 where the  r e s u l t  
can be d i r e c t l y  compared wi th  those obtained a t  higher  dose r a t e s .  It  w i l l  be 
seen from the s lopes  of t he  l i n e s  t h a t  t he  apparent  r a t e  of r a d i a t i o n  induced 
decomposition i s  n o t  g r e a t l y  d i f f e r e n t  i n  the  two cases  and probably not  s i g -  
n i f i c a n t ,  being 6.8 vs  6.2. 

The curve f o r  t h e  low dose r a t e  experiment does n o t  go through the  
o r i g i n .  The reason f o r  t h i s  i s  no t  known. A l l  sample p repa ra t ion  techniques 
were the  same f o r  t h e  two s e t s  of experiments. It i s  poss ib l e  t h a t  the  diborane 
warmed up during the  600 hours t o  reach the f i r s t  d a t a  po in t .  We do n o t  know 
t h a t  t h i s  happened, bu t  i t  i s  a poss ib l e  explanat ion s i n c e  thermal decomposi- 
t i o n  increases  r a p i d l y  a s  the  temperature approaches room temperature.  Control  
samples were prepared and s to red  under i d e n t i c a l  condi t ions ,  wi th  t he  except ion 
of r a d i a t i o n ,  and these  showed a gas formation r a t e  t h a t  was only  about 10 per -  
cen t  t h a t  of the  i r r a d i a t e d  samples, However, t he  s i g n i f i c a n t  p o i n t  i s  t h a t  
the  s lopes  of t he  two l i n e s  a r e  e s s e n t i a l l y  t he  same s i n c e  t h i s  i s  a measure 
of t he  decomposition r a t e  a s  a func t ion  of absorbed energy. Thus t h e r e  does 
not  appear t o  be any e f f e c t  of dose r a t e  over t he  range i n v e s t i g a t e d  i n  t hese  
experiments. 

observed i n  our experiments over t he  same range of doses.  However, apparent ly  
a l l  of t h e i r  experiments were done a t  temperatures from 0 t o  40 C o r  poss ib ly  
higher ,  whereas ours  were a t  -78 C.  This suggests  t he re  may be a s i g n i f i c a n t  
temperature e f f e c t  on the  r a t e  of conversion of diborane t o  products  i n  a 
r a d i a t i o n  f i e l d .  This po in t  should be inves t iga t ed  i n  any f u t u r e  work w i t h  
t h i s  f u e l .  



Propane (C3Hg) 

Propane was chosen a s  t he  LPG f u e l  m a t e r i a l  of i n t e r e s t .  This choice  
was made a f t e r  d i scuss ions  involving seve ra l  NASA s c i e n t i s t s  a s  explained i n  a 
l e t t e r  t o  t he  p r o j e c t  technica l  manager, May 6, 1969. B r i e f l y ,  a l t h o u g h ' t h e r e  
i s  cons iderable  i n t e r e s t  i n  methane a s  LPG f u e l ,  t h e r e  i s  a l s o  cons ide rab le  de- 
t a i l e d  r a d i a t i o n  e f f e c t s  d a t a  on methane. Propane, on t h e  o the r  hand, i s  a l s o  
of i n t e r e s t  a s  a f u e l  but  t he re  i s ,  t o  our knowledge, no published r a d i a t i o n  
e f f e c t s  d a t a  on the  l i q u i d .  Thus, i t  appears t h a t ,  f o r  t h i s  program, propane 
i s  t he  ma te r i a l  which should be inves t iga t ed .  

I n  summary, t h e  most r e c e n t  and complete work on l i q u i d  methane i s  
t h a t  of H. A. G i l l i ~ . ( ~ )  He worked wi th  the  l i q u i d  a t  112 K (-116 C) and used 
co60 f o r  t he  source of gamma r a d i a t i o n .  The i r r a d i a t i o n s  were c a r r i e d  t o  
about 0,12 percent  methane decomposition. The l o s s  of methane per  u n i t  dose 
was given a s  G(-CQ) = 6 molecules/100 ev. This i s  approximately 0.01 percent  
decomposition per  megarad. 

The major products  were hydrogen (H2) and e thane  (C2H6) which t o -  
ge ther  account f o r  about 95 percent  of the  observed products .  Propane (C3Hg) 
was about 4 percent  of t h e  product and a l l  o the r  h igher  hydrocarbon products  
accounted f o r  l e s s  than  1 percent  of t h e  t o t a l .  The r a t e  of t h e i r  formation 
per  u n i t  of absorbed r a d i a t i o n  i s  given by t h e i r  G-values, l i s t e d  below. 

G (H2 3.15 
G(C2H6) 2.21 
G(C3H8) 0.23 
G (butanes) 0.037 
G(al1 o the r s )  0.012 

Other r a d i a t i o n  s t u d i e s  of methane have d e a l t  p r imar i ly  w i t h  t h e  gas 
and have covered a range of temperatures i n  some d e t a i l  up t o  150 C ,  e.g. ,  Bone 
and   ire stone (5 ) ,  and Sieck and .Johnson (6) . Several  o t h e r  p e r t i n e n t  r e f e rences  
a r e  given i n  our  r e p o r t  under NAS7-577, References 2-6. 

i n i t i a t e d  us ing  the  same general  f i l l i n g  and handl ing procedures descr ibed  
previously.  The i r r a d i a t i o n  v e s s e l s  were f i l l e d  i n  t h e  usua l  manner u s ing  
Ti-6Al-4V capsules  of approximately 15 cc  volume. A 1 1  i r r a d i a t i o n s  were a t  
dry  i c e  temperature. The shor t - te rm samples u t i l i z e d  a dose r a t e  of about 

5 5.76 x 10 r a d l h r  and t h e  long-term experiments were a t  a dose r a t e  of about 
4.80 x lo3  r a d l h r .  A t  var ious  exposures t he  buildup of gaseous products  
was determined by P-V-T r e l a t i o n s h i p s .  Addi t iona l  experiments wi th  propane 
a t  t h e  higher  dose r a t e  were done i n 1 1 0 0 F  aluminum v e s s e l s  t o  s ee  i f  t h e r e  
were any obvious e f f e c t s  a t t r i b u t a b l e  t o  conta iner  ma te r i a l .  

The r e s u l t s  of the  experiments a r e  shown i n  Figures  13 and 14. I n  
Figure 13 the sample was i r r a d i a t e d  a t  -78 C and measured a t  the  same tempera- 
tu re .  I n  Figure 14, r e s u l t s  shown a r e  f o r  samples i r r a d i a t e d  as be fo re  bu t  
measured with the  sample frozen a t  -196 C. A t  the  lower temperature t h e  most 







l i k e l y  decomposition products  expected t o  remain v o l a t i l e  a r e  H2 and CHq. A t  
t he  higher  temperature,  however, l a r g e r  molecular spec i e s  such a s  e t h y l  o r  
bu ty l  compounds would a l s o  be expected i n  t he  gas phase and wou1.d c o n t r i b u t e  
t o  t he  t o t a l  measured decomposition products.  It  i s  seen t h a t  apparent  prod- 
u c t  y i e l d  a s  i nd ica t ed  by the  G-value i s  6.4 and 5.0 measured a t  -78 and -196, 
r e spec t ive ly .  

From the  f i g u r e s  i t  w i l l  a l s o  be noted t h a t  t he  y i e l d  per  u n i t  
weight of i r r a d i a t e d  sample i s  somewhat smal le r  when the  v e s s e l  i s  more n e a r l y  
f u l l  o f  l i qu id .  This i s  t r u e  a t  both measuring temperatures and the  r a t i o  of 
t he  20 percent  f i l l e d  (1.76 gm) t o  40 percent  f i l l e d  (3.96 gm) i s  about t h e  
same i n  both cases .  The explana t ion  of t h i s  r e s u l t  i s  no t  known. The r e s u l t s  
suggest t h a t  the propane vapor i s  more s u s c e p t i b l e  t o  r a d i a t i o n  induced decom- 
p o s i t i o n  than the  l i q u i d .  However, much more work w i l l  have t o  be done t o  
determine i f  t h i s  i s  indeed the  case.  

Samples of t h e  gas above l i q u i d  propane a t  -78 C were analyzed by 
mass spectrometry. The r e s u l t s  showed the  major gaseous products  t o  be un- 
s a t u r a t e d  C2 compounds, ace ty lene ,  and ethylene.  Methane was a l s o  always 
present  i n  s i g n i f i c a n t  q u a n t i t i e s .  The s u r p r i s i n g  r e s u l t  i n  t hese  ana lyses  
was the  general  absence of hydrogen. From the  amount of unsa tura ted  compounds 
present  t he re  should have been e a s i l y  d i s c e r n i b l e  amounts of hydrogen. One 
might suspec t  t h a t  t he  hydrogen r eac t ed  wi th  t h e  t i t an ium v e s s e l  i n  which t h e  
i r r a d i a t i o n  was performed. Such a r e a c t i o n  i s  l e s s  l i k e l y  wi th  an aluminum 
v e s s e l ,  hosiever, b u t  t h e r e  was no d i f f e r e n c e  i n  t he  r a t e  of product bu i ldup  
when aluminum v e s s e l s  were used. This can be seen i n  F igures  13 and 14 
where p a r t  of t he  d a t a  po in t s  a r e  open c i r c l e s  and o t h e r s  a r e  f i l l e d  c i r c l e s .  
The open c i r c l e s  a r e  d a t a  obtained i n  t i t an ium and t h e  f i l l e d  c i r c l e s  a r e  
d a t a  from aluminum vesse l s .  There a r e  no s i g n i f i c a n t  d i f f e r ences  i n  t h e  two 
cases .  Also, an experiment was done wherein a l i q u i d  propane sample was 
i r r a d i a t e d  t o  13.5 Wad i n  a t i t an ium v e s s e l  and t h e  p re s su re  followed f o r  
98 hours a f t e r  i r r a d i a t i o n .  No change was noted i n  the  p o s t i r r a d i a t i o n  per iod .  

Low dose r a t e  experiments were a l s o  conducted wi th  l i q u i d  propane 
the  t i t an ium v e s s e l s  f o r  a per iod  of almost 4 months a t  an average dose 

r a t e  of 4.80 x lo3 rad /hr .  These r e s u l t s  a r e  summarized i n  F igure  13 a long  
wi th  t h e  d a t a  from higher  dose r a t e  experiments so  t h a t  they can be compared 
d i r e c t l y .  For the  case of a 20 percent  f i l l e d  v e s s e l  t h e  low dose r a t e  d a t a  
a r e  i nd ica t ed  by c ros ses  whereas the  h igh  dose r a t e  d a t a  a r e  shown by c i r c l e s .  
The two s e t s  of d a t a  f a l l  on the  same l i n e  i n d i c a t i n g  t h a t  the  measured de-  
composition i s  func t ion  of the absorbed r a d i a t i o n  dose but not  the  dose r a t e  
i n  t h i s  range. 

Prel iminary r a d i a t i o n  experiments wi th  hydrazine i n  s t a i n l e s s  s t e e l  
v e s s e l s  showed t h a t  cons iderable  decomposition and gas bui ldup occurs .  An- 
hydrous hydrazine (2.8 ml) was loaded under an argon atmosphere i n  a glove 
box i n t o  a 14.0-ml volume v e s s e l .  The sample was evacuated a t  -78.5 C through 



seve ra l  freeze-pump-thaw cyc le s  t o  remove the  argon and then i r r a d i a t e d  a t  a  
5  dose r a t e  of 6.0 x 10 rads lhour  a t  room temperature f o r  118 hours.  As c a l -  

cu la ted  from p o s t i r r a d i a t i o n  P-V-T d a t a ,  a  gas p re s su re  bui ldup of 44 p s i a  and 
a  1.6 percent  decomposition of t h e  hydrazine occurred a t  t h e  cond i t i ons  of t he  
experiments. Mass spec t rometr ic  a n a l y s i s  of t h e  sample a t  room temperature 
showed cons iderable  amounts of H2,  N2 ,  and NH3 w i th  an es t imated  molar r a t i o  
of 6.8:4.3:1, r e spec t ive ly .  The sample was then cooled t o  l i q u i d  n i t rogen  
temperature,  pumped on t o  remove the  N2 and Hz,  and allowed t o  warm t o  room 
temperature.  R e l a t i v e l y  l a r g e  amounts of ammonia (NH3), which had been con- 
densed while  most hydrogen and n i t rogen  were removed, and t r a c e  amounts of H z ,  
N2, and C02 were observed a long  wi th  the  hydrazine. No o t h e r  r a d i o l y t i c  prod- 
u c t s  were observed. Preceding t h e  mass spec t rometr ic  a n a l y s i s ,  vapor p re s su re  
measurements of t he  sample obtained a t  l i q u i d  n i t rogen ,  Dry I ce ,  and room 
temperature tend t o  support  t h e  mass spec t rometr ic  da t a .  The s t a r t i n g  hydrazine 
sample had a  vapor p re s su re  of about 3  p s i a  (150 mm of Hg) a t  room temperature 
and only  t r a c e  amounts of n i t rogen  and C02 were observed by mass spec t rometr ic  
ana lys i s .  Fur ther ,  p re l iminary  experiments wi th  hydrazine i n  s t a i n l e s s  s t e e l  
v e s s e l s  ind ica ted  s i g n i f i c a n t  decomposition which seemed t o  be  a  func t ion  of 
the su r f ace .  Lucien and P i n n ~ ( ~ )  had observed a  s u r f a c e  e f f e c t  when i r r a d i a -  
t i o n s  were performed i n  Pyrex ves se l s .  Also, t he  apparent  decomposition i n  
the vapor was much g r e a t e r  than i n  t he  l i q u i d  a t  corresponding doses.  

A s e r i e s  of experiments was e s t ab l i shed  f o r  i r r a d i a t i n g  anhydrous 
hydrazine i n  Ti-6A1-4V v e s s e l s  f i l l e d  a s  descr ibed  grevious ly .  A l l  r a d i a t i o n  
exposures were a t  22 C and a  dose r a t e  of 6.16 x 10 r ad /h r .  Severa l  d i f -  
f e r e n t  sample volumes were used so t h a t  the  l iquid-vapor  r a t i o  was v a r i e d .  
Hydrazine vapor was t h e  only gas present  over t he  l i q u i d  dur ing  i r r a d i a t i o n .  

The r e s u l t s  of t hese  experiments a r e  shown i n  F igure  15. The range  
of volumes of l i q u i d  samples was from 3 t o  10 c c ,  which corresponds t o  20 t o  
66 percent  of t he  t o t a l  v e s s e l  volume. The f i g u r e  shows t h a t  formation of  
gaseous products no t  condensible  a t  -78.5 C ,  i . e . ,  N2 and H 2 ,  i s  unaf fec ted  
by a  change i n  u l l age .  The r e s u l t s  a r e  p l o t t e d  a s  moles of gas formed per  
gram of sample a s  a  func t ion  of dose t o  show t h a t  gas formation per u n i t  of 

was being i r r a d i a t e d  and t h e  u l l a g e  was smaller  lead ing  t o  higher  p re s su re .  

The r e s u l t s  shown i n  F igure  15 a r e  reasonably c o n s i s t a n t  w i th  what 
o the r  d a t a  a r e  ava i l ab l e .  The r a t e  of gas formation a t  STP i s  about 0.1 m l /  
Mrad per  gram of l i q u i d  hydrazine. In  working with monomethyl hydrazine 
which would be expected t o  g ive  s i m i l a r  r e s u l t s ,  ~ h e l b e r ~ ( ~ )  and ~ l a n k ( ~ 1  
both measured about 0.2 m l / ~ r a d .  Lucien and Pinns g ive  va lues  between 0.1 
and 0.7 with most f a l l i n g  around 0.2 ml/Mrad. These va lues  correspond t o  
decomposition r a t e s  of the  order  of 0.01 percent  per  megarad, 

Based on volume of gas formed, our d a t a  g ive  G = 5.8 (molecules of 
gas formed per  100 ev absorbed).  Based on the  gas volume d a t a  of Lucien and 
Pinns ( ' /) ,  we c a l c u l a t e  G ' 7 f o r  t h e i r  experiments wi th  l i q u i d  hydrazine 
i r r a d i a t e d  i n  g l a s s  ampoules by X-rays. The nitrogen-hydrogen r a t i o s  quoted 





by them fall between 0.5 and 1.5 with most being 1.0 while our data give a 
value of about 1.5. 

Although this agreement is reasonably good it does raise some ques- 
tions. Lucien and Pinns quote G-values for hydrazine decomposition of the 
order of 2 x lo2, which is difficult to reconcile with their gas release data. 
If hydrazine decomposes completely to nitrogen and hydrogen one would expect 
the gas ratio to be 0.5 and the G-value for decomposition to be one-third of 
that for gas formation, i.e., 

However, if hydrazine predominately forms ammonia on decomposition the nitrogen- 
hydrogen ratio would be expected to be about 1 and the G-value for hydrazine 
decomposition would equal that for the formation of noncondensible gases, i.e., 

Our analyses have not shown large amounts of ammonia, nor apparently did those 
of Lucien and Pinns. This matter needs to be investigated in further detail. 

An additional series of experiments was initiated with liquid hydra- 
zine in aluminum vessels for comparison with previous results obtained with 
liquid hydrazine in titanium alloy vessels. The initial results had indicated 
some surface-related decomposition in stainless steel vessels but not in the 
titanium ones. The later experiments were conducted using the same procedures 
throughout with only the vessel material being different. All experiments 
were at 5.53 x lo5 rad/hr and 22 C. 

The results of these experiments using aluminum vessels are shown in 
Figure 16. The volume of liquid samples used was either 3 or 7 cc, which is 
equivalent to about 20 or 45 percent of the vessel volume. The figure shows 
the moles of gaseous products not condensible at -78.5 C, i.e., N? and H7, as 

- 
directly compared. It is seen that decomposition, as determined by post- 
irradiation P-V-T measurements, is unaffected by a change in ullage. The 
G-value for gas formation is found to be 5.75 whereas the previously deter- 
mined value in titanium vessels was 5.80. There is, therefore, no apparent 
difference between the two sets of data or the response to irradiation in the 
two types of vessels. 

Low dose rate experiments were conducted at an average of about 
5.6 x lo3 rad/hr for approximately 189 days (4544 hours) and a total exposure 
of 24.9 Mrad in the titanium alloy vessels. These data are summarized in 
Figure 17. The rate of product formation is equivalent to a value of G = 7.7 
which is significantly higher than in the high dose rate experiments in 
either type of vessel. Suitably stored control samples were maintained over 
the entire period of irradiation and the maximum increase in pressure in these 







was l e s s  than 10 percent  of t h e  corresponding i r r a d i a t e d  sample. The r e s u l t s  
were cor rec ted  f o r  t h i s  n o n i r r a d i a t i o n  p re s su re  r i s e  but  i t  i s  apparent  t h a t  
a  f a c t o r  of t h i s  n a t u r e  cannot account f o r  t he  d i f f e r e n c e  between the  h igh  and 
low dose r a t e  experiments.  The reason f o r  t h e  d i f f e r e n c e  i s  no t  known and i t  
does appear r e a l .  It i s  a  po in t  t h a t  should be considered i n  more d e t a i l  i n  
f u t u r e  work. 

FLOX (02 + F2) 

Experiments wi th  l i q u i d  FLOX were conducted i n  s t a i n l e s s  s t e e l  v e s s e l s  
a t  l i q u i d  n i t rogen  temperature a t  a  dose r a t e  of 5.76 x l o5  r a d / h r  f o r  a  t o t a l  
exposure of 22.6 Mrad. The samples were prepared us ing  the  ox id i ze r  handl ing  
f a c i l i t y  and techniques previous ly  descr ibed .  The long-term t e s t s  wi th  t h i s  
ox id i ze r  were allowed t o  progress  f o r  about 5000 hours.  These samples received 
approximately 25 Mrad exposure. I n  none of these  experiments have we seen any 
e f f e c t  a t t r i b u t a b l e  t o  i r r a d i a t i o n .  This i s  not  an unexpected r e s u l t .  The 
m a t e r i a l s  involved, l i q u i d  oxygen and f l u o r i n e ,  a r e  s t a b l e  compounds and any 
r e a c t i o n  i n i t i a t e d  by the  r a d i a t i o n  would probably be small .  The products  of 
such r e a c t i o n ,  perhaps OF2, would be present  a t  low concent ra t ion ,  s o l u b l e  i n  
the  l i q u i d ,  and c o n t r i b u t e  very l i t t l e  t o  the  vapor p re s su re  of t h e  sample. 
Due t o  t he  lack  of observable e f f e c t s ,  t he se  experiments were c a r r i e d  no 
f u r t h e r .  

Oxygen Dif luor ide  (OF2) 

A l l  shor t - te rm experiments wi th  l i q u i d  oxygen d i f l u o r i d e  were per-  
5  formed a t  a  dose r a t e  of 6.00 x 10 r ad /h r  i n  s t a i n l e s s  s t e e l  v e s s e l s  and a t  a  

temperature of -196 C. Samples were loaded i n t o  t h e  v e s s e l s  us ing  the  p re -  
v ious ly  descr ibed handling system and pressure  over the  l i q u i d  was determined. 
Each v e s s e l  contained 5.0 grn of OF2 l i q u i d  which f i l l e d  about 20 percent  of 
t h e  a v a i l a b l e  volume. Af t e r  t he  app ropr i a t e  i r r a d i a t i o n ,  t he  p re s su re  was 

gain d 
e r t a i n  

The r e s u l t s  of t hese  experiments a r e  shown i n  F igure  18 where t h e  
moles of gaseous decomposition products ,  02 and F2, a r e  shown a s  a  func t ion  of  
r a d i a t i o n  dose. It w i l l  be  noted t h a t  i n  t h i s  case  the  y i e l d  of decomposition 
products i s  no t  l i n e a r  wi th  dose a s  were the  f u e l s .  The f a c t  t h a t  t h e  y i e l d  
i s  no t  cons tan t  bu t  decreasing probably i n d i c a t e s  a  secondary r e a c t i o n  which 
i s  removing the  gaseous products a t  a  slow but d e f i n i t e  r a t e .  One such r e -  
ac t ion  which immediately sugges ts  i t s e l f  i s  t he  r e a c t i o n  of 02 and F2 gas t o  
reform OF2 l i q u i d ,  i . e . ,  

It i s  a l s o  poss ib l e  t h a t  some 02F2 could be formed which would a l s o  condense 
a t  the  temperature of these  experiments and lead  t o  an apparent  decrease  i n  
the r a t e  of  decomposition of 03'2. 





Since the  r a t e  of formation of decomposition products ,  and hence 
the  G-value, decreases  with inc reas ing  dose, t he  va lue  a t  low doses i s  most 
important s i n c e  t h a t  gives t he  maximum va lue  and i n d i c a t e s  t h e  maximum s a t e  
of r a d i a t i o n  induced decomposition. The i n i t i a l  va lue  i s  G(gas) = 0.30 
molecules/100 ev. A G-value t h i s  low i n d i c a t e s  l i q u i d  OF2 i s  r a t h e r  r a d i a -  
t i o n  r e s i s t a n t .  The d a t a  f u r t h e r  i n d i c a t e  a maximum gas bui ldup r a t e  s f  
about 6.9 x 10'3 mllmegrad. Assuming one and a ha l f  molecules of gaseous 
product f o r  each molecule of l i q u i d  OF2 decomposed, G-(OF2) = 0.20 molecules/ 
100 ev. This i s  equiva len t  t o  about 1 x 10-3 percent  decomposition per  
megarad. 

Long-term experiments were extended f o r  a per iod of almost n ine  
months. However, a f t e r  about f i v e  months we began t o  experience d i f f i c u l t y  
with leaking  va lves  on t h e  sample v e s s e l s  so t h a t  t he  da t a  a f t e r  t h a t  were 
not  r e l i a b l e .  As can be seen from Figure  18, t h e  r a t e  of bui ldup appears  
more l i n e a r  a t  5.6 x lo3 r ad /h r  than a t  t he  h igher  dose r a t e .  However, t h e  
amount of decomposition i s  always very  small  i n  a11 experiments and t h e  d i f -  
fe rences  i n  the  two cases  a r e  probably not  s i g n i f i c a n t  and us ing  an o v e r a l l  
va lue  of G(gas) = 0.17 f o r  the  whole range of dose r a t e s  i s  j u s t i f i e d .  

Nitrogen Tetroxide (N2O4) 

Experiments wi th  l i q u i d  n i t rogen  t e t r o x i d e  were conducted by t h e  same 
general  procedures ou t l i ned  previously.  S t a i n l e s s  s t e e l  v e s s e l s  of approxi -  
mately 15 cc  were used. I r r a d i a t i o n s  by CO-60 were performed a t  a dose r a t e  

5 of 5.76 x 10 r ad /h r  and a temperature of 21 C.  Sample v e s s e l s  were evacuated 
p r i o r  t o  f i l l i n g  wi th  N2O4. Af t e r  f i l l i n g ,  t he  l i q u i d  N2O4 was f rozen  and any 
noncondensible gases removed by pumping. Noncondensible gases a t  l i q u i d  N2 
temperature formed by decomposition of N204 were determined a s  a func t ion  of 
time and r a d i a t i o n  dose by P-V-T r e l a t i o n s h i p s .  

The r e s u l t s  of experiments a t  the  dose r a t e  of 5.76 x lo5  r a d / h r  f o r  
both t h e  uninhib i ted  and i n h i b i t e d  forms of N204 a r e  shown i n  F igures  19 
through 22 a s  moles of noncondensible gas formed per  gram of l i q u i d  N2O4 a s  a 
func t ion  of r a d i a t i o n  dose. Severa l  p o i n t s  a r e  immediately obvious from these  
f i g u r e s ;  the i n h i b i t e d  form shows more apparent  r a d i a t i o n  decomposition a t  a 
given r a d i a t i o n  exposure; t he  s c a t t e r  i n  t h e  d a t a , p a r t i c u l a r l y  a t  t he  lower 
f i l l i n g  (3-cc sample) , i s  g r e a t e r  than i n  many of our  o the r  experiments;  and 
t h e  decomposition r a t e  a t  a f i xed  dose r a t e  appears t o  be a func t ion  of t h e  
ex t en t  t o  which t h e  sample v e s s e l  was f i l l e d .  A 3-cc sample f i l l s  t he  sample 
volume approximately 20 percent  whi le  a 10-cc sample f i l l s  i t  about 67 percent .  

These r e s u l t s  suggest t h a t  t he  vapor i s  more suscep t ib l e  than the  
l i q u i d  to  decomposition and t h a t  t he re  i s  some i n t e r a c t i o n  wi th  the  w a l l s  of 
t he  v e s s e l .  Several  o the r  observa t ions  a r e  c o n s i s t e n t  with t h i s .  The amount 
of noncondensible gas formed, l a r g e l y  N 2 ,  i n  un i r r ad ia t ed  con t ro l  samples was 
a l s o  a func t ion  of the f i l l i n g ,  being between about 1 and 20 percent  of t he  
r a d i a t i o n  induced decomposition product f o r  the 3-cc samples, and 2 percent  
o r  l e s s  i n  those samples with 7 o r  10 cc  of l i q u i d  N2O4. The magnitude of 









D O S E  M E G A R A D  



these  numbers a r e  only s i g n i f i c a n t  f o r  t h e  p a r t i c u l a r  dose r a t e  used, of 
course ,  bu t  the  observed d i f f e rences  between samples aga in  sugges ts  an  i n t e r -  
a c t i o n  between the  wa l l s  and n i t rogen  t e t r o x i d e  vapor. I t  was a l s o  noted 
t h a t  the  r a t e  of the  nonradia t ion  decomposition, a s  i nd ica t ed  by bui ldup  of 
gaseous products ,  was g r e a t e r  immediately a f t e r  f i l l i n g  than a t  l a t e r  t imes. 

In  s eve ra l  experiments a l l  of the  gases  were examined r a t h e r  than 
j u s t  t he  noncondensible spec i e s .  The major component, except ing the  N2O4, was 
NO i n  both the i r r a d i a t e d  and non i r r ad ia t ed  cases  and i t s  r a t e  of formation 
appeared about the  same i n  both cases  a t  the  dose r a t e  used, 5  - 7 6  x lo5  r ad /h r .  
N i t r i c  oxide i s  an expected r a d i a t i o n  decomposition product and a  reasonable  
product of an oxida t ion  r e a c t i o n  of NO2 with the  wa l l s  of t h e  ves se l .  

It  w i l l  be noted t h a t  the  r e l a t i v e  r a t e s  of r a d i a t i o n  and nonradia-  
t i o n  r e a c t i o n s  i s  a  d i r e c t  func t ion  of t h e  dose r a t e .  A t  dose r a t e s  lower 
than those used i n  these  experiments the  e f f e c t  of t h e  r a d i a t i o n  could be a  
small  f r a c t i o n  of t he  o v e r a l l  r e a c t i o n  a t  l e a s t  when s to rage  v e s s e l s  were no t  
f u l l  of l i q u i d .  

The only s i g n i f i c a n t  noncondensible gas found on mass spec t rometr ic  
a n a l y s i s  was n i t rogen .  The G-value f o r  noncondensible gas formation then i s  
t he  G-value f o r  N 2  formation. For the  uninhib i ted  form G(N2) = 6.1 x l o m 2  
molecules/100 ev which can be compared t o  the r e s u l t s  repor ted  by c a s t o r i n a ( l 0 )  
of 5.2 x  As seen i n  Figure 19, t he  G-value f o r  t he  i n h i b i t e d  form i s  
h ighe r ,  being G(N2) = 18.1 x  f o r  the  3-cc samples. A summary of t h e  
G-values f o r  noncondensible products  a t  the  var ious  loadings i s  given below. 

N2O4 I n h i b i t e d  N204 Uninhibited 

he only o ther  product found i n  a d d i t i o n  t o  NO and N2 was n i t r o u s  
which i s  formed a t  a  r a t e  s l i g h t l y  g r e a t e r  than t h a t  of n i t r o g e  

i n  t he  case of the uninhib i ted  n i t rogen  t e t rox ide  and s l i g h t l y  l e s s  i n  t he  
case  of the  i n h i b i t e d  form. This aga in  i s  cons i s t en t  with t h e  r e s u l t s  of 
Cas tor ina ,  who repor ted  the  formation of N20 t o  be about h a l f  of t h a t  of N2. 

The lack  of oxygen among the  products i s  probably due t o  t h e  NO 
formed, even i n  the  absence of r a d i a t i o n .  Any oxygen formed by decomposition 
of NO2 by i r r a d i a t i o n  would r e a c t  r a p i d l y  with NO t o  reform NO2 o r  r e a c t  wi th  
the  w a l l  which could a c t  a s  a  s ink  f o r  the  oxygen. 

I n  genera l ,  t he  d i f f e r ences  between the  shor t - te rm and long-term 
experiments do not  seem t o  be very  l a r g e  a s  can be seen from inspec t ion  of 
Figure 22. This i n d i c a t e s  t h a t  t he  r a d i a t i o n  decomposition i n  these  cases  
i s  probably not  s t rong ly  dependent on dose r a t e  and the  ex t en t  of decomposi- 
t i o n  w i l l  always be d i r e c t l y  propor t iona l  t o  t he  r a d i a t i o n  energy absorbed by 
the p rope l l an t  ma te r i a l .  The G-value corresponding t o  the  l i n e  i n  the  f i g u r e  
i s  21 x f o r  a 3-cc sample compared t o  18 x  f o r  a  3-cc sample of t h e  



inhibited N2O4 at high dose rate. The G-value for the uninhibited material at 
the low dose rate is somewhat higher, however, than the corresponding high 
dose rate case. Such differences as are seen may occur because thermal decom- 
position becomes a much larger factor at the lower dose rates. Although un- 
irradiated "control" experiments have been carried out for each material, 
uncertainty from this source becomes more significant in the low dose rate 
cases. 

The apparent rate of the nonradiation induced gas product formation 
decreases with increasing exposure time. On the other hand, the radiation 
induced decomposition occurs at an essentially constant rate proportional to 
the dose rate. At the dose rate of these experiments, approximately 5.6 x 103 
radlhr, the thermal reaction predominated during the first 6 weeks of exposure. 
After that the rate of the thermal decomposition had fallen to the point where 
the radiation induced decomposition becomes the dominant factor in the buildup 
of noncondensible gases. With continued irradiation, the buildup of gaseous 
products per unit absorbed dose is about the same as observed in the high dose 
rate case, the inhibited N204 shows a somewhat higher rate of radiation decom- 
position than the uninhibited N204. Because decomposition is slow, the pressure 
buildup was only a few torr per month and the thermal contribution during the 
first couple of months was comparatively large. A small error in this correc- 
tion could possibly account for the curve, as shown in Figure 22, not going 
through the origin as expected. 

Summary of Radiation Effects Data 

The most striking result is the obviously much larger sensitivity to 
radiation induced decomposition of the fuels, as a group, compared to the 
oxidizers. Although molecular oxidizers are more susceptible than elemental 
ones, e.g., FLOX or liquid oxygen, they are still much more stable in a radia- 
tion field than the fuels examined in this program. This has obvious implica- 
tions in regard to the positioning of fuel and oxidizer storage containers with 
respect to nuclear power sources and any shielding incorporated in the system. 
Although there are some differences among the materials studied with regard to 
container material and dose rate, as discussed in the previous sections, a 
rough comparison among these materials is shown in Figure 23. Although such a 
comparison cannot be exact, it is nonetheless instructive. 

Using data on isotope sources previously reported (Contract NAS7-577), 
off-gas volumes formed in various propellants by plutonium, curium, and stron- 
tium heat sources are estimated in the following tabulation. For purposes of 
h estimates the sources are estimated to be 200,000 watt (th) at 1 foot for 
538Pu02 and 244~m203, which would be equivalent to 10 kw(e) at 5 percent con- 
version. The cqrresponding estimated dose is 1.3 x lo5 rad, 2 3 8 ~ u ~ 2  and 
1.1 x lo6 rad, Cm2Oj. A 2000-watt (th) (100 w electrical) g o ~ r ~ i ~ 3  source 
at 1 meter is assumed to give a dose of about 3 x lo7 rad. 
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Propel lan t  

B2H6 
'3 H8 
N2 H4 
FLOX 

OF2 
N204 (uninhib i ted)  
N204 ( i n h i b i t e d )  

Estimated Volume, m l ,  of Off-Gas 
Per Gram of Propel lan t  Per  Year 

2 3 8 ~ u ~ 2  2 4 4 ~ m 2  o3 g " ~ r ~ i ~ g  

0.03 0.2 6  
0.02 0.1 5 
0,02 0.1 5 

0  0  0  
0.0003 0.0002 0.06 
0.0003 0.0002 0.06 
0.0006 0.0004 0.1 

The r a d i a t i o n  doses used i n  t he  above es t imates  assume no s e l f -  
sh i e ld ing  o r  ex t e rna l  sh i e ld ing .  Since s e l f - s h i e l d i n g  w i l l  be s i g n i f i c a n t  i n  
a l l  of these  sources a t  t he  power l e v e l s  assumed, t h e  es t imates  can be t r e a t e d  
a s  maxima. It appears  t h a t  the  a-sources would p re sen t  no l a r g e  problems wi th  
these  p rope l l an t  ma te r i a l s  over per iods of s e v e r a l  years .  However, t h e  ' O S ~  
p-sources might p re sen t  some pressure  bui ldup problems, a t  l e a s t  i n  the  case  of  
f u e l s .  From the experiments completed t o  d a t e ,  i t  appears  t h a t  the  p re s su re  
would cont inue t o  bu i ld  up over t h e  p rope l l an t  l i n e a r l y  wi th  time over mission 
times of 1 t o  10 years .  The r a t e  per  u n i t  time w i l l  depend on the  s i z e ,  con- 
f i g u r a t i o n ,  and sh i e ld ing  of t he  r ad io i so tope  source. I f  t he  source decays 
s i g n i f i c a n t l y  during t h e  mission,  a  corresponding decrease  i n  the  r a t e  of 
p re s su re  buildup would be expected. That i s ,  t o t a l  noncondensable gas r e -  
mains propor t iona l  t o  t o t a l  dose. The accumulation of gas can be a  s i g n i f i -  
can t  engineering problem even though the  amount of l i q u i d  decomposed by t h e  
r a d i a t i o n  i s  r e l a t i y e l y  small  and, of i t s e l f ,  probably not  s i g n i f i c a n t .  
Determining how b e s t  t o  accommodate those gaseous products  which a r e  formed 
could r e q u i r e  a  major technologica l  e f f o r t .  

Because the re  a r e  i nd ica t ions  of some i n t e r a c t i o n s  r e s u l t i n g  from 
su r face  e f f e c t s  wi th  p a r t i c u l a r  p rope l l an t  ma te r i a l s  and s p e c i f i c  con ta ine r  
a t e r i a l s  a s  we l l  a s  some unexplained d i f f e rences  a t  low dose r 

t i o n a l  research  probably w i l l  be  needed on s p e c i f i c  p rope l l an t  s y s t  
these  become b e t t e r  def ined f o r  given missions.  This appears  t o  be p a r t i c u -  
l a r l y  t r u e  f o r  t he  hydrazine and diborane f u e l s  and the  n i t rogen  t e t r o x i d e  
ox id i ze r .  I n t e r a c t i o n s  wi th  conta iner  ma te r i a l s  may we l l  l ead  t o  p re s su re  
buildup of a  s imi l a r  na tu re  t o  t h a t  from r a d i a t i o n .  For long missions where 
the  r a d i a t i o n  dose r a t e  might be expected t o  be minimum, su r f ace  i n t e r a c t i o n s  
wi th  t h e  conta iner  might we l l  be the  major source of gaseous products.  Sh ie ld -  
ing of the r a d i a t i o n  source would then not  accomplish the  d e s i r e d  r educ t ion  i n  
gaseous product accumulation. Fu r the r ,  the r a t e  of such nonradia t ion  decom- 
p o s i t i o n  would be expected t o  be a  much s t ronger  func t ion  of temperature than 
i s  t he  r a d i a t i o n  induced r eac t ion .  The inf luence  of t h i s  f a c t o r  might on ly  
become apparent a t  low dose r a t e s .  Thus, f u r t h e r  r e sea rch  should be d i r e c t e d  
a t  the e luc ida t ion  of these  f a c t o r s .  Only a  more thorough understanding of 
the mechanisms, both r a d i a t i o n  and nonradia t ion ,  and t h e i r  i n t e r a c t i o n  w i l l  
permit more r e l i a b l e  p red ic t ions  of gas buildup t o  long per iods  of time. 
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APPENDIX A 

S p l i t  Shie ld .  A s h i e l d  conf igura t ion  c o n s i s t i n g  of two sepa ra t e  
s h i e l d s ,  one between the  r a d i a t i o n  source and the  p r o p e l l a n t  tanks and one 
between the  p rope l l an t  tanks and the  instrument  package. 

Laminated Shie ld .  A s h i e l d  con f igu ra t ion  c o n s i s t i n g  of mu l t i -  
layered s h i e l d  component(s). 

Shield Segment. One of the  s h i e l d s  i n  t h e  s p l i t - s h i e l d  
conf igura t ion .  

Primary D i r e c t  Shie ld .  The s h i e l d  segment between the  r a d i a t i o n  
source and the p rope l l an t  tanks. 

Secondary Direc t  Shie ld .  The s h i e l d  segment between the  p r o p e l l a n t  
tanks and the  instrument package. 

S c a t t e r i n p  S t ruc tu re .  Any s t r u c t u r e  which may r e f l e c t  a  p o r t i o n  of 
r a d i a t i o n  inc iden t  upon i t  t o  t h e  p rope l l an t  tanks o r  instrument  package. 

S c a t t e r  Shie ld .  A s h i e l d  used f o r  t h e  purpose of reducing t h e  
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APPENDIX K 

,7JUNSMISSION MATRIX DERIVATION AND USE 

A Laplace transformed transmitted flux function may be written: 

F(S) = H(S) G(S) , 

where 

F(S) is the Laplace transform of the transmitted flux function, 
G(S) is the Laplace transform of the incident flux function, and 
H(S) is the Laplace transform of the transmission function. 

Since it is not intended to determine the Laplace transformation of all source 
distribution which may occur, the simplest and most useful source function, a 
delta function in energy denoted 6 ( E ) ,  is chosen. The Laplace transform of 
the delta function is unity and, therefore, simplifies the analysis consider- 
ably since any source spectrum may be described as a continuum of discrete 
energy sources. Thus: 

This implies that the inverse Laplace transforms of F(S) and H(S) are identi- 
cal. Therefore, if discrete excitation energy-group transmission data are 
available, it is possible to construct the transmission function for any 
arbitrary input spectrum by summing up the discrete excitation transmission 
functions. 

tage of using the transmissio 
to-group transfer matrix which is made up of point values from the transmission 
function is totally described for a given slab thickness. Thus, iterative sol- 
utions are not needed and significantly less computation time is anticipated. 
For laminated or multilayered shield configurations, this technique eliminates 
the uncertainty in buildup factor determination in the case of gamma radiation 
and also eliminates the necessity for use of fictitious removal cross-section 
information in the case of neutron radiation. 

The most important assumption inherent in the technique is that 
double reflections across material boundaries are insignificant;k contributors 
to the final solution. 

>k Ph.D. thesis, J. L, Ridihalgh, Iowa State University, 1968, 
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APPENDIX C 

LISTING OF THE OPTIMIZATION COMPUTER PROGRAM 
FOR THE PRIMARY DIRECT LAMINATED SHIELD 

A listing of the optimization computer program for the primary 

direct laminated shield appears in this appendix along with sample-problem 

input data and output. The computer program consists of seven routines. 

They are: 

(1) The main program which performs the iteration- 
control functions necessary to properly opti- 
mize the shield system 

(2) Subroutine Geom which sets up the geometry in- 
formation necessary for the program operations 

(3) Subroutine RATE which determines the weight of 
any shield system designed by the program 

(4) Subroutine Transf which reads radiation trans- 
mission factor information for the source and 
shield components 

(5) Subroutine Flux which computes the radiation 
transmitted through the shield to the pro- 

(6) Subroutine Source which computes the source 
radiation arriving at the front face of the 
shield 

(7) Subroutine Intrp which is used by Subroutines 
Source and Flux to perform the interpolations 
and/or extrapolations on the transmission 
factor data. 



The sample problem i s  a  two-group two-laminate  s h i e l d  o p t i m i z a -  

t i o n  problem. The t r a n s m i s s i o n  f a c t o r s  used a r e  p u r e l y  f i c t i t i o u s  s i n c e  

t h e  problem was s e t  up o n l y  t o  demons t ra te  t h e  program o p e r a t i o n s .  The 

o r d e r  of i n p u t  d a t a  f o r  t h i s  problem i s :  

(1)  Diameter  o f  s o u r c e  - 5 cm - DSRC 

(2) Length of  s o u r c e  - 10 cm - XLSRC 

(3)  Diameter  of  p r o p e l l a n t  t a n k  - 30 cm - DTANK 

(4)  S e p a r a t i o n  d i s t a n c e  between p r o p e l l a n t  t a n k  and t h e  

r a d i a t i o n  s o u r c e  - 100 cm - SEPAR 

(5) Number of s h i e l d  l a m i n a t e s  - 2  - LAM ' 

(6)  F i r s t  g u e s s  of l a m i n a t e  t h i c k n e s s e s  - 5 . ,  5 .  - X ( l )  

( 7 )  D e n s i t y  o f  s h i e l d  l a m i n a t e s  - ,2., 1. - RM@(I)  

(8) Number o f  e n e r g y  groups  - 2 - N ~ G  

(9) Dose c o n v e r s i o n  f a c t o r s  - l .E-4 ,  l .E-5 - FD(1) 

(11) Source  s t r e n g t h s / v o l  - l.E+10, 0 .  - SRCF(1) 

(12) Number of  t h i c k n e s s e s  f o r  which t h e  t r a n s m i s s i o n  

f a c t o r s  a r e  i n p u t e d  - 4 - NTHK 

(13). T h i c k n e s s e s  f o r  t h e  s h i e l d  l a m i n a t e s  f o r  which t h e  

t r a n s m i s s i o n  f a c t o r s  a p p l y  - 
F i r s t  Laminate Second Laminate 

P 

where T = Laminate Numbers 1 and 2 

J = Thickness  Numbers 1 t o  4 



(14) Transmission factors for the source material - 

First Thickness 

Second Thickness 

0.8 0. 
0.2 0.89 

Third Thickness 

0.6 0. 
0.4 0.8 

Fourth Thickness 

0.3 0. 
0.7 0.6 

Position 11 - Group 1 transmission for Group 1 incidence 
Position 12 - Group 1 transmission for Group 2 incidence 
Position 21 - Group 2 transmission for Group 1 incidence 
Position 22 - Group 2 transmission for Group 2 incidence 

where I = receiver group number 

J = incidence group number 

K = thickness number 

(15) Thicknesses for the source for which the transmission 

factors apply - 1, 2, 4, 8 - TKSR(I) 

where I = thickness number 



'(16) Transmission factors  for the  s h i e l d  laminate mater ia ls  

F i r s t  Thickness 

Second Thickness 

Third Thickness 

Fourth Thickness 
i 

The ac tua l  input and resul tant  program output are l i s t e d  

be low. 

I T E R A T I O N  i 4 3 N I T O R  
1 S *  1 bG1 1 5 -  1 6 6 1  1 0 6 1 e S P 2 6  

1006 1-1 .  2 3 4  1 1 l l 2 5 u  9 5 6 2  
15. 1'303 1 5.1808 1 0 0 6 * 1 ~ 6  

: 16.5302 13.2241 t c325~9523  
2 O e 5 7 0 3  12a7539 1233 .671  

LAMI.N.II\TE ?HI ClCNEZSES \;El G H T  
i 6.4003 135 1202 ! 0 2 5 . ? 5 2 3  



c-5 

10 CSt.i;.iOl\l h ' i i O ( 2 )  
20 COi..i!"Ji\J X ( 2 ) .  i ;I;(2).3 S F C F ( 2 ) r  ' iLP.t4(22s222r 4 ) r ' i S F ; C ( 2 r 2 ,  L ) J I ~ < T L E ? C P ~  .4)r 

3 0  -bTl.CSi'.C( L'J) 3 FA? I 0  ( 2 )  J SLO PJ Ri4INr D S K C o  L?TA;\IKr LAf.19 XLSRCP SEPARo KFI GHTo 
110 +i\JQG 
5 0  I J = 1  
60 C.c\i4L, GEi)I./r 
65  b.;I:I G![Tr 1 C'O000- 
80. R E A C > ; J O G ,  ( I ; [ : ( I ) ,  i = l 2 2 J 3 G ) ~  l;'rztIx 
9 0  RI;:APfi C S R C F ( I  ) r  I z f r N O C )  
1 1 0  CALL ' l i?ANSF(NTHX) 
1 I 1  P R I N T > "  I YERATION I/1ONITORW 
1 3 0  12 CALL FLI!X(NT~II<J COSE) 
1AO II ; (I=RLIt<-C:OSE>9 
1 SO IF ( i lRLI i~1 - .  l:kCFiLIilZ-G3SE> 1 0  
151  IF'( [:0SF:-Df:LIM)2@ 
1 5 5  Y Y - 0 .  
1 6 0  PO 1 1  I = l r L A F i  
1 6 5  YY=YY+X( I )  
1 7 0  1 1  X ( I ) = X ( I ) : k . 9  
1 7 5  I F C Y Y - . 1 ) 1 8  
1 9 0  GO TO 12 
1 9 1  '20 DO 2 1  I z ~ J L A M  
1 9 2  2 1  X ( I ) = X ( I ) : ! : . 9 6  
1 9 3  GO TO 1 2  
200 9 DO 1 3  I = l t L A M  
2 1 0  13 X ( I ) = X C I ) ; ~ l . 1 2  
220 CO 7-0 12' 
230 10 X X = O *  
260 113 1 4  I = l r L A M  
250 1 4  XX-;iX+X< I )  
260 DO 15 I - I J L A N  
2 7 0  15 RATIO( I  ) = X (  I  ) / X X  
280 CALL I\!ATE(S1)?) 
290 I F ( % - I J )  1 8  
2951 PRIidT8 < X ( I  l o  I =  l aLAi4 )a  !!'i 

3 4 0  I J = l  
350 E A T I O ( l ) ~ * 9 * E A T I O ( l )  
360 F A T I Q ( Z ) = l . - R A T I O ( 1 )  
370 XC 1 ) = R A l  I O (  1 >$tXX 
380 XC2)=XX-X( 1 )  
3 9 0  IFCXC 1 ) - .  Ol*XX) I S  
4 0 0  GO, 10 1 2  
A10 19 I F C I J - 2 > 1 7  
420 GO 10 1 6  
430 1 7  I J = P  
435 !.!EIGHT=l.!T 
n r o  X(I)=EATIO( I ) + x x / * ~  
4 5 0  X C 2 ) = X X - X (  1 > 
A 6 0  I F 0 < ( 2 ) - .  01:::XX) 1 9  
4 7 0  TO 12 

1 6  X ( l ) = ~ < ~ l S I O ( l > ~ - X > < : ~ . ~  
490 X<2)=XX=XC 1 > 
5 0 0  I J = 3  
510  G3 TO 1 2  
520 1 3  F R I N T r "  LAiUZNA'iE i H I  C K N E S S E S  
530 PWINTr < X ( I > .  1=1,LSiv;).  !.+'EIGHT - --a - - - - - - -- . - -- - - - -- - - - -- - - 



-- - - ... . .- ---- --------.- . - . -. . . -. . . - . . . - 
5 0  S ~ I F ? F ~ D C J T I I ' ! F  C:E;.Or/i ---. . .. - -. - - - - - -- - . - - . - .- - . . - - --A -.--..- 

5 5 5 CCI r\;l"iO i.4 fii-49 ( 5' 1 
560 ~ a i 4 ~ 3 1 \ 1 '  ) ; (2 )3  F [ ' ( ? ) ,  S : ; ' C F ( ~ > , T L . ~ I V ~ ( Z J ? ? J ~ ,  L I ) I S ! ? C ( ~ J  23 r ! ) = ? K ? L l ? < ( 2 ~  419 
5/55 -1.?I<Sf?C( 412 R A ' j . 1 3  (25 J S L O P r . E i / r I N ,  D S R C ,  [ , ~ A ! ~ } { J L P . E ~ ; J  X L S T t c ,  S E P A R J  GHT* 
570 +NOG 
5-15 REAL?, r,TF?C, )c.L.Sf;C, DT.4Yf:t S i S P A R ,  LA149 < X (  1). I = l r . L P . > l )  
6 1 5  . RFADr ( f < H O ( I ) r  I = I J L A ~ ~ )  
630 I FC F!SilC- P?'Ai\!I( 12 
6 3 5  SLO p=. 5:;: ( L~TP.:.~I.(-Ds~?c>/ ( SEPAR+.  52:UTANi: 
6/10 F,MIN=.5:;~DSRI;+SLOP:::SEPAi? 
6-45 G 3  70 3 
650 2 S L O P = .  5:::( C T A i d X - D S i ; C ) /  ( SEF'AR+. 551:Ci 'rlr\ lK+XLSEC> 
6 5 5  fi ;klIi .J=e 5 < c D S J i C + S L 3 P : i : X L S H C  
660 3 CO?JTIt\!UE 
670 CP.LL !,:Ai-E(!:rl') ' 

6 7 6  l;:EIGHT=!..?T 

7 1 5  C9ME1C)N F!1-10(2) 
720 Ca?<:.;n>d ~ ( ~ ) J F ~ ( ~ ) J ~ ~ ? ~ F ( ~ ) , T L A ~ . ~ ( ~ , ~ J ~ , L ! ) ~ ? S R C ( ~ J ? J A ) J T K ? L M ( ~ > ~ ) J  
725 + ' i K S F < C (  ~ I ) J  R A T I O  (213 S L O  PJ E>5Ii\J, DSf iC ,  r!TA.'di<> L A M J  X L S R C J  S E P A E r  K E I  Gi-ITr 
730 +NOG 
735  GiT=O- 
7-40 R N I [ \ l l ~ J s t ~ $ I > J  
7c5  ro 4 K = I . I , A M  
750 I F ( K - 2 1 5  
755  A ( K ) = A ( K -  1 ) + S L O P 4 : X O O  
760 C-9 TO 11 

765  5 I F ( i ~ S F ' C - D 7 f i i d X ) 6  
770  CO 7 I = l , L A E 4  
7 7 5  7 EMIN l = R i / l I N - X (  I ) * : S L O P  
780 6 A (  1 ) = K i - l I L d l  
785 f! C O N T I t \ l U E  

800 8 !iT=WL(li):?RIII)(K>+-!#!T 



- - . - - -- - - 
9 1 0  SLlRT;OkJ'I It4E F'LIjX(i\l'iiii<> DOSE) ---- .--. . - -- - --_- -. - . -__ - - - -  ------ -me-- 

9 1 5  G~.li~li~iO;J J;143(2) 
920 C13iL;;viaa X ( 2 ) r  F C ' ( 2 ) r  S ~ C F ( ? ) J ~ ' L A ~ ~ ~ ( ~ J ~ J ~ J  4 1 3  T S P C ( ~ J ~ J  d > ~ ? ! ( 1 L t " , ( 2 ~  
925  +-ii( S P C (  k )  = RAT10 ( 2 )  J SLOPJ K'i/rI;dr DSRCJ Di ANKJ LAi4r XLSF!Cr SEPARr $;EI GHT, 
7 3 0  +NQG 
935  [!I1l;ENSIg!J F L U ( ~ ) J  FL l JX(2 )  
9 4 0  1'0 3 J.=lr;L'JG 
9 6 5  FLUX( I >=0.  
9 5 0  3 FLl!(I)=O. 
755 GO 10 8 
9 6 0  5 L'O 3 I < =  1,LP.M 
9 6 5  DO 1 I = I > N : 3 G  
9 7 0  EO 1 J z I J N O G  
9 7 5  CALL I [ \ ~ I ? P ( I ~ J ~ ~ < J X < K ) J T L J N T H : < )  
980 F L U X ( J > = F L U (  I ):::TL+FLUX(J) 
985 1 CON-jIi.JUE 
9 9 0  CO 2 I = l r N f 3 G  
795 FLLl( I )=F'LC;;;C I )  
1 OOO F'I..+LlX( T ) = O *  
1 0 0 5  2 COtVTItJUE 
1 0 1 0  IIOSE=Os 
1 0 1 5  LO 6 I = l r N O G  
1 0 2 0  6 DoSE=I;OSE+FP( I ):::FLU( I )  
1 0 2 5  rOSE=CGSE/  ( 12.566a:SEPAE:i:*2) 
1 0 3 0  R E I l J R N  
1035 8 CALL Sl31lRCE( FLU, EJTIIK 1 
1 0 / 1 0  GO TO 5 
1 0 b S  RF.TUI??4 . - -  ---------------.- --- 

1 - 0 ' 3 P  _...- s LlEE_?jix5 !XC.--ZPPL'ECcE(L;_LC'~N'rH:( ) - .---.- -- - 
1 0 5 5 COi~li,ION RI40 ( 2 
1 0 6 0  C~3i+li4ON X ( 2 ) >  FD( 2) J SRCr;( 2)  J TLAM( 2 ~ 2 ~ 2 ,  L I ) J  TSr-:C(2J 2~ 41, 
1 0 6 5  +TKTLM(2> TKSEC( d ) , H A T I O ( 2 ) r  ,SLOPJ ~ ~ I I N J  DSRCJ ~TANKJLAMJXLSRCJ 

1 0 7 7  1 F R U ( I ) = O *  
1 0 3 0  F0 A P i = l s  10 
1 0 8 5  XSTic=i:LSEc/ 1 0 .  #:(P$- 1 )+XLSKC/Z!Oe 
1 0 9 0  PO 3 K=lriUC)G 
1 0 9 5  3 F L i I ( K ) = (  SRCF(K)* .  7$S:F[lSEC*:k2)$:XLSRC/ 10. 
1 1 0 0  CO 2 1 = 1 ~ ? 4 Q G  
1 1 0 s  r,o 2 J = I I > J D C  
1 1  1 0  CALL I N 7 R P (  I r  J r  OJ XSRCs I S s N T H l O  
1 1  1 5  F L V X ( J ) = F L U ( I ) : ~ ? S + E ' L U X ( J )  
1 1 2 0  2 COI\ITINl~E 
I W E ~  ro 4 I = ~ J N ~ ~ c :  
1 li 3 0  FFlJC I )=FLU;;( 1 ) + F K U (  I > 
1 1 3 5  d FLUXCI)=Oe  
1 1 n o  PO 7 I=l rVL7G 
1 1  A2 7 FLU( I )=FF!IJ( 1) 

-- PlAS R E T U R N  -- - - - ----- - - . - - - - - - - - - -- - 



. - - - - - -- - - -- - - - - - - -- -- ---I - . 
1 150 SI!EF!C)t"TI:*IE INTEF:( I r J s K ,  X I 3  TrPd) --_-_ _ _  __ - __ _ .____I_ __-_-- - -  
1 155 C0b;I'r'ON R ; [ 0 < 2 )  
1 1 6 0  CT)i.SilON X ( 2 ) 9  F D ( ~ ) J  ST;ICI;<2), ? i , A b ' i ( 2 , 2 ~  33 h ) s  T S F C ( 2 r  2, A 1 9  'i 'KTLM(2, A )  J 

1 165  + 1 K S K C (  l t > ~  R P . T I O ( 2 ) s  SLOP, P N I N J  DSRCJ D I A N K D L A M ~  XLSRCJ SLTPARI 
1 1 7 0  + Q E I  Ci i4 i9  IJO G 
1 1 7 5  I F ( ! < - 1 1 1  
1 1 $ 0  DO 2 I I = l r N  
1135 2 IF (Xl-TI/\'I'Li,l(:Ca I I ) ) 3  
1 1 9 0  Z=Xl-TI<iLI ; (Y\o  iJ)  
1195 ~ ~ - T I < T L ~ / I C I < J N ) - T K ? L ~ " ~ K S N -  1 )  
2000 E = T L A ~ < C I ~  J J K J N ) - ' ~ L A ~ - ~ < I ~  J ~ K D N -  1 )  
2005 ?r:TLfi,K( I r  JrKrN)+!?/H:; :Z 
2 0 0 6  Ill ( 7 )  1 1 
2 0 0 7  I F( 1 * - T )  1 2  
2 0 1  0 Rfil'lU,';N 
2 0 1  1 1 1  I = @ * ;  FETUKN 
2 0 1 2  12 ? ' = l o ;  FEIURiJ I 

2 0 1 5  3 I F C I I - 2 1 4  
2020 Z = ( X l - ~ ~ I < ' i L 2 ~ 1 ( 1 < ~  11- 1 )  ) / ( T i < T L p ; ( K s  I I ) - T K " ~ L M ( I < J  1 1 - 1  1 )  

' 2025 If=1LAb:( I J ~ J ! ( ~  11 )-TL@.M<I J J J K ~  11- 1 )  
2030 ?=TLAM( I J  J r  K r  I I -  1 )+H:i:Z 
2035 RETl!R;J 
20h0 A I F C J - I - 1 ) 7  
2050 'i=X1/?:: '1LIv?(K~ 1  )*TLAM( 1, J J K J  1 )  
2055 RETUKN 
2 0 5 6  9 T = l ~ - X l l T K ' i L E 4 ( I { r  l):l:( 1  * - T L A M < I ~ J J ~ C D  1 )  
2 0 5 7  RETURiJ 
2060 1  C0 5 I I = I r N ? F I 1 (  . 
2065 5 I F C X l - T K S R C ( I 1 > ) 6  
2070 Z = X l - T K S E C ( i < )  
2075 H=TICSZCC;J ) -TI (SRC(I ' J -~ )  
2080 RzTSECC I J J ~ N ) - T S R C (  I J J ~ N - 1 )  
20E5 T=lSPC(  I J  J > N  ) + R / H * Z  

6 I F ( J . 1 - 2 1 7  
Z=~X1-?KSEC~II-1)~/C?!~SRC(II)-TI~SKC(II-1~) 
k f = ? S b : C ( 1 ~ J r  J I ) - ? S F C ( I J J J  1 1 - 1 )  
T = T S R C ( I J  JJ  1 1 - 1  > + H ~ : z  
RETUR!\I 
7 I F C J - I - 1 1 1 3  
T = X l / ' i K S R C (  1  ),;:TSRC( I J  J r  1 )  
RETUKN 
13  T = l . - X l / T K S , 4 C ( l ) : i : (  ] * - T S R C ( I t J r  1 )  
RETURN 
EN D 

SCJSE OAT1 
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